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KNOWLEDGE REPRESENTATION
IN A PHYSICS TUTOR

Tom Murray
Beverly Woolf

COINS Technical Report 86-37

ABSTRACT

Designing a knowledge representation for an intelligent tutor depends in part, on the
target behavior anticipated from the student and we distinguish between competence
in qualitative physics and competence in quantitative. We illustrate this competence
through questions we expect a student to be able to answer for two example
problems, a crane boom and a stone throw problem and describe approaches
consistent with each type of competence. For example, the approach that leads to
competence in qualitative reasoning emphasizes pedagogic and conceptual knowledge
and the approach that leads to competence in quantative reasoning, is an expert
system which emphasizes problem solving and factual knowledge. In establishing a
vocabulary for discussing knowledge representation issues, we suggest two (orthogonal)
ways to categorize the knowledge of a physics tutor. The first consists of facts,
skills, and concepts and the second distin ishes between expert and pedagogic
knowledge.
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KNOWLEDGE REPRESENTATION IN A PHYSICS TUTOR

Tom Musray

Beverly Woolf -

Department of Computer and Information Science
Univenity of Massachusetts
Ambherst, Massachusetts, 01003
1 July 1986

L. [Introduction

We ace on the verge of developing substantially more powerful intelligeat tutoring
systems that can reasom about a student’s knowledge and custom-tailor their teaching
strategy to his individual learning pattern. Such systems will be able to simulate “worlds”
(es., the ocean,s atmosphere, power plants, ecosystems, etc.) in a visuilly rich and
informationally dense way thst is not currently posible.

Obviously, we are not yet capable of building such systems; formidable barriers, both
hnrdwmandaoftwam stand between us snd full realization of the potential. However,
miny of these barriers are theoretical, rather than engincering; ie., they depend on

providing mew abilities or new results to the computer. In this article we discuss one of
the most salient of these barriers, representing the knowledge for a computer tutor. By this
we mean teasing apart, and codifying, knowledge of the domain, discourse, tutoring, and of
the student for use inside the computer.

The very fact that knowledge representation remains a bacrier to  successful
development of intelligent tutors underscores the important difference between intelligeat
teaching systems and computer-aided instruction, CAL Since intelligent tutoring systems
reason sbout the student and the domain, they require eacoded knowledge of the student,
tutoring, and of discourse conventions to make reasonable decisions about their responses to
the student.

The pusrpose of this article is to establish a vocabulary -~ a common ground - for
the various participants in the development phase of a computer tutor. These parsticipants
include, but are not limited to, teachers, computer scientists, psychologists, and domain
specialists. Each will need to work with the others to build intelligent tutoring systems:
teachers will have to become familiar with the knowledge engineering elemeats of a system
and the computer scientists with the the educator’s expertise in academic domains, in
pedagogy, and in curriculum design. In developing thi. common ground vocabulary, we are
sdditionally addressing all the concerns of knowledge representation that impact on the
development of tutoring systems.
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The Exploring Systems Earth (ESE) has already begun to train high school science

teachers in knowledge engineering issues. For collaborations such as thee to be effective,

the parties involved must work from a common vocabulary and structure that acts as the

basis for communication and the evolution of ideas. The Umass ITS group is worling
toward such a representational scheme for intelligent tutors.

domains and many types of knowledge (facts, skills, etc.), 2) be powerful eaough to support
(or upgrade to) the sophisticated inferencing needed for expert problem solving and student
behavior diagnosis, and 3) clear and unambiguous enough to make the task of transferring
a teacher’s knowledge to the computer efficient and straightforward.

This paper describes our curreat work on developing such a knowledge representation
(KR) scheme. The paper focuses on the-domain of physics, but the intent is to design a
general KR scheme that could be used in any science or technical domain. The KR scheme
is intended to represent only domain specific knowledge (physics in this case); we do not
address geaeral knowledge about tutoring rules or discourse conventions (see Woclf 1984 for
a discussion of these). We do, however, include what we call pedagogic components
domain knowledge. Pedagogic knowledge is the knowledge that a tutor needs to
expert knowledge. Expert knowledge is knowledge needed to solve a problem in
domain. Examples of pedagogic knowledge are a hierarchy of salieat topics, pointers
uscful examples, and information ‘about how the domain knowledge is organized
pedagogiqty.

We address two issues in the design of a knowledge representation (KR) scheme:

sﬁga

* The KR design depends, in part, on the target behavior anticipated from the student and
we distinguish between competence in qualisative physics and competence in guantitative.
We illustrate this competence through questions we expect a student to be able to answer
for two example problems, a crane boom and a stone throw problem and describe
approaches consistent with each type of competence. For example, the approach that leads
to competence in qualitative reasoning emphasizes pedagogic and conceptual knowledge and
the approach that leads to competence in quantitative reasoning, is an expert system A
emphasizes problem solving and factual knowledge.

* In establishing a vocabulary for discussing KR issues, we suggest two (orthogonal) ways to

categorize the knowledge of a physics tutor. The first consists of facts, skills, and concepts
and the second distinguishes between expert and pedagogic knowledge.

2. Target Bebaviors for Ouaptitative va. Qualitative Understandisg

The structure and content of a computer tutor, and thus its knowledge representation
(KR), strongly depeads on the types of target behaviors one wishes to see in students. In
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3
for tutors focusing on ecither behavior. We will be as clear as possible about the intended
usc of the system.

Both quantitative and qualitative questions (and both types of reasoning) are needed
n leaming physics. Qualitative questions encourage the student to think about a physics
4ituation in realistic, non-formularcentered ways; such questions are useful for enabling the
tudent to diagnose and coastruct her conceptual knowledge. Quantitative questions are
«especially useful for diagnosing and improving problem solving abilities.

Most questions in standard physics homework exercises and exams are of the
+  quantitatice type. Often students who appear competent on such questions have difficulties
solving non-standard problems (of both qualitative and quantitative types). These difficulties
can be manifestations of poor problem solving abilities and/or inad:quate grasp of the basic
concepts.
Qualitative target behaviors include a student’s ability to answer questions abcut:
* the existence of objects, properties, and variables (ex: Does a force exits here?);

® the relative magnitudes of variables (ex: Which side has the larger force?);
* the directions of vectors (up, down, etc;) and changes (greater or smaller);
® features of items, compare and contrast;

® causality, functionality and importance relationships;

* hierarchical relationships such as part-whole, clasification, and set membership;
We are currently more concerned with the first three of these in
teaching pbysics knowledge.

Quantitative target behaviors include a student’s ability to:
® determine numerical values for variables given a sufficient set of
facts;

* demonstrate domain-specific problem solving skills, procedures, and heuristics;

We can best illustrate our notions about the two types of reasoning through examples
and questions used for each. We use two physical situations, throwing a stone vertically
and a simple crane-boom problem (see Figures 1 & 2). Corresponding to each behavior
are specific questions that a tutor might ask to test that a student has mastered the
persticular approach. Qualitative and quantitative questions for each example are listed in
Figure 3 and for the cranc boom in Figure 4. Note that some of the. qualitative question
are intended to check misconceptions

One can appreciate that the structure and content of the knowledge representation
needed for each type of reasoning and teaching should be quite different. In the third
section we present our design suggestions for a qualitative and quatitative tutor and
coantinue to descithe each system as a scparate entity. This is for illustration purposes ouly
~ an actual physics tutor should incorporate the reasoning and representation of both kinds

O  of tutors. In the next section we present a taxonomy of the types of knowledge used in
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Figure 2: Figure 2: The Crane Boom Sltualton.



Oualitative Questions for the Stone Throw Problem
1.  Will a lighter stone, given the same initial velocity, go highes?
2.  What are the forces on the stone whea it is half way up? At the top?
3. Does it come down faster than it goes up?

4 Is the time between the throw and the apex longer than between the apex and
the impact?

5. Wty docs it reverse direction at the top?
6. Can it be thrown 3o hard that it will not fall back?
Quantitative Questions for the Stone Throw Problem
1. Given initial velocity, what is the maximum trajectory height?
2. I the stone is released from a height of 3 meters, what is the final velocity?

3.  What initial velocity must 1 give it so that it will be going 30 m/sec 20 meters
from the ground on the way back down?

4 1f I release a seonnd stone just as the first one pames my band on the way
down, what will be the time lag between their impacts?

Flng:Qnudou!ordw&onc'!hmwhoblun.

building a computer tutor.

3. Types of Kuowledge in Tutoring Phvsics

Asalreadymentioned,theKRofacomp\mrmtorwillvuywiththekindof
mwningandteachingthesystemisexpecwdtopcrform.m:hhnaimwepmponm
orthogonal categorization to that of the quantitative and qualitative tutor. In this section,
we categorize domain knowledge for a computer tutor iato facts, skills, and concepts on the
ooe hand and into expert and pedagogic knowledge on the other band. We will also
discuss knowledge representation issucs in student modeling and in the next section describe
KR for two theoretical tutors in terms of this taxonomy.
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Qualitative Questions for the Crane Boom Problem
1. What are the forces on the cable (nan:es and directions)?

2. Given any cable strength and bob weight, can we always find a theta which
will break the cable? (The answer is yes, I think)

3. How does the weight of the boom effect the torque on the wall?
4. In what direction does the boom push or pull the cable?
S.  What would happen if the cable and bob wire were one continuous wire
and it ran through a metal “eye” at the end of the boom that allowed it to
move freely?
' 6. What would happen to the tension in the cable if the boom angle were
) increased?
~ If the boom were longer? If the bob wire were longer?
Quantitative Questions for the Crane Boom Problem
1. Givea the bob weight and cable angle theta, what is the teasion in the cable?
2. If the cable breaks at 500 Ibs., whe: is the min. theta?
3. For a theta of 30 degrees, what is the maximum weight?
4. Given theta and the cable tension, what is the bob weight?

5. If the cable it shortened to raise the boom to a 45 degree angle, what will be
the tension on the catle?

6. What is the force on the wall by the boom?

Figure 4: Questions for the Crane Boom Problem.

2.1 Factr, skills, and concepts

The first division of domain knowledge is into facts, skills, and concepts. Facts
include declarative knowledge, including propositions, definitions, objects, properties of
objects, reiationships between objects, etc. Skills include knowledge about how to use
factual knowledge and might include procedures and heursistics. In many domains, skill
koowledge is the problem solving knowledge. Concepts include entities that act as
place-holders or denotations to complicated constructs which we believe experts bave, such
as knowledge about gravity. Novices, too, hold concepts, however their concepts often
include misconceptions. Thus we use facts, skills, and concepts as a convenient way to tease
apart the knowledge of the domain. Although our taxonomy of knowledge is independeat

Q of the way it is represented in a computer program, it is worth noting that facts are often
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represented using frames or semantic networks and skills as a sez of production rules or as
attached procedures in frames systems.

Many KR languages (and cognitive science theorics) propote breaking knowledge into
declarative or procedural componeats corresponding to the first 1.0d second category above.
In tutoring, however, we find it nccessary to include the third :ategory, concepts, because
some knowledge, due to its complexity, can not be definitively represeated. Examples
include force or conservation of momeatum (in physics), recursion or types (in
programming), and symmetry and infinity (in math). These concepts can oaly be described
in terms of how they zelate to other pieccs of knowledge. For example, the declarative
koowledge of how many planes there are in our solar system can be stored explicitly in
our KR, as can procecures or heuristic rules for solving simultzneous equations, but the
concept of force can caly bc described by examples, by relating the concept to
concepts, listing related Sacts and procedures, and/or specifying bebaviors that indicate
competence with the concept.

3.2 Expert knowledge and pedagegic knowjedgs

Implementation of a tutor requires knowledge used by an expert to solve
the domain along with pedagogic knowledge about how to teach the expert ledge.
Pedzgogic knowledge includes knowledge of the importance of items, the salience
features, the necessity or typicality of features, the leamning difficulty of
necessity or sufficiency of rule antecedents. Some pedagogic ledge is amociated with
problem solving rules and allows an expert system to be articulate, ic. to explain its actions
and decisions. [lustrative examples and diagnostic procedures are also part of pedagogic
knowledge.

Pedagogic knowledge may be represented separately from expert knowledge, or it
be sprinkied amongst the expert knowledgo- included in the frames and production rules
the expert knowledge. Relating this categorization with the previous ome, fact and skill
knowledge can be of cither an expert or a pedagogic nature, while concepts will
pedagogic entities, since they are not needed by an expert system to solve a problem.

i
g

In sum, the knowledge necessary for a computer expert to solve a problem
knowledge; all other knowledge (used for explanation, tutoring, student modeling, etc.) we
call pedagogic knowledge, because it is needed in order to teach or explain the expert
koowledge. Pedagogic knowledge contains more than information about “how” to teach ths
domain knowledge; it contains information about how the student learns or fails to learn
that information. Common student errors and misconceptions are often contained in the
pedagogic knowledge. Novice students will often focus on inappropriate (yet correct) features
of a situation.

For example, given & book resting on a table, a student may think that a table’s
“inflexibility” property implies that it can not exert a force. Such non-relevant propertics of
cbjects should be included in the tutor’s KR, and flagged as noo-relevant. Also included as
edagogic knowledge would be such things such as misconceptions, curriculum sequences,

_ prerequisites, “genetic® or evolutionasy links between KR items (such as generalization,

9
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medﬂiuﬁm,uﬁnemmt,ac.,whkhduadeﬂutheplmdhmmbymodﬂyiu
existing knowledge [Goldstein 1982]), and pedagogic links between concepts of examples
(such as extreme case, analoyy, counter exsmple, etc.).

33 KR for a Stodent Model

Omdiscudonofcudentmodeun:addmuonlymcmpmuﬂondmdem
knowledge, and not the more difficult  issues in student modeling of creditblame
assignment and  studeat ple- Wﬁm.ﬂmmw&mm«dmho&d
modeling the student in exi:tin .S systems. One method modeis the student knowledge
in relastion to the expert knowiedge (we will call this “clone” modeling), and the other
method does not use expert knowledge or represcnts student and expert knowledge
independently (we will call this “sutonomous”™ modeling).

Maﬂy,&eautmmmoddh;mahoammdthmmnm
studentneedstolumlnachecklhotubletmudmodltaavduowhhucho!
these items. The values can be ‘“yes,* “no,” of «untnown” The values can also be
numerical certainty or strength factors, indicating the tutor’s certainty that the studeat has
the piece of knowledge, ur alternatively, the ostimated strength of the knowledge in the
student. Some schemes have included records of the pumber of times a plece
was needed, used successfully, used unsuccessfully, and ignored. Mis-kaowledge, such
repeated errors and misconceptions, can be similary represeated in autonomous student
modeling. Autonomous modeling must be used in tutoring systems which are not expert
systems, ie. in systems whose knowledge objects merely refer to buman knowledge, aad do
ot attempt to represent that kuowledge computationally.

E
es

Clone modeling is more complicated; the student model is linked directly with an
expert knowledge representstion. In such a system the student’s behavior can be com
with thewaytheexpenwouldhaveaolvedap‘oblanotmemd question. The
student’s knowledge is intcrpreted as the union of: 1)a cubset of the
(an “overisy* model), and 2) a set of “buggy” items. The buggy items are perturbations
(like mutant clones) of the expert knowledge. There are a number of simple perturbations
types. They include (in frame terminology): adding and deleting values of features, and
adding and deleting feature: (slots). For example, asume that the Dog frame has a slot
pamed Legs which has a value of 4.Bnmpluoie:mm:‘1xphvc5lep'(nlueol
5 in the Lepdot),‘ldon‘tknovhowmmylepdophavc‘(dd&dnl
hawzmp'(afumreWinplsadded,wlthluvalueo!Z), and “Number of legs has

pothing to do with dogness” (a missing feature, Legs).

Other types of deviations involve hieraschical or evolutionary relationships between
pieces of knowledge. Examples are overgeneralization (“Animals bave 4 legs"), and
inappropriate refinement (distinguishing between flexible and inflexible objects when

Somcenoninvolvcthcintemdonofnomnﬂyunnmedpieea of knowledge.
Examplamuingthemeofoncthingtotefettoanothet,mdmbdtuﬂn;pm
what is known for an unkaown item. Knowinsthanhenudenthueonhmdmmhpb
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much more useful in tutoring than just knowing that she got a question wrong or has the
wrong value for a feature.

Factual knowledge, especially if _aplemented in frames, is quite amenable to the
deviant cloning methods, as the addition, modification, and deletion of values and dots
above suggests. Skill knowledge is also amenable to cloning, as suggested in the Burton
[1982). In modeling studeat skills, in addition to representing how accurately the studect
koows the individual steps, the order of execution and the perceived priority of steps or

rules is also significant.

Conceptual kno='edge consists of referents to human koowledge coastructs and as
such can’t be modified computationally. However, as suggested above, links amongt concepts
and misconceptions can indicate whether they are koown to be generalizations,
specializations, etc., of each other.

The expert knowledge in the tutor is fixed (during a tutoring session), while the
student model is constantly updated. The uncertainty involved in modeling the student puts
strong demands cn KR, and may require truth maintenance or endorsement information
{Cohea 198S).

Finally, it may be desirable to include student background information, such as

learning styles and preferences, tutoring session history, and personal and academic
information.

t. KRB for Tutors for Oualitstive vs, Ovantitative Thinking

The previous section has provided some termivology with which to discus KR
systems for tutors that focus on qualitative zad quantitative reasoning. In this section, we
present designs for either the qualitative or quantitistive physics tutor and strongly
d;mn;uid:thetwomordettodmlyourponmn In actuality, the distinction between
qualitative and quanuuuve reasoning is not always clear and, as meationed above, the ideal
tutors will have abilities in both areas.

The desi> .or our quantitative tutor will enable it to be an expert problem solver
and its KR will focus on factual and skill knowledge. The design for our qualitative
physics tutor will not b able to produce an expert problen: solver and its KR will
emphasize conceptual as well as pedagogic knowledge.

41 KR for s Oualitative Phsics Tutor

Qualitative understanding of a complex domain is essential to the process of learning.
However, it is very difficult i0 build an expert ualitative problem solver. DeKleer &
Brown [1980}, and Forbus [1982], and others have researched modeling qualitative processes

KC (and “mental models”) and have looked in retfiiu how to answer qualicative questions
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about such objects as car enjines, electrical circuits, projectiie motion, and f:id circuits.
They are interested in Questiots such as “How does it work,” “If 1 increase this what will
bappea to that,® “What causes this part to function,” and “Whsut will happen if I take this
part out?.” This work looks promising, but it is still in its formative stages. As their
research progremes, we may cveatually be able to incorporate expert qralitative problem
solvers iz physics tutors. Our design for 8 qualitative physics tutor does not result in an
expert system. In Figure 5 we provide example frames using our proposed qualitative-KR
sructure. We store procalaudated solutions ard text explacations, and focus on the
pedagogic knowledge needed tc: 1) convey the concepts to be taught, and 2) recognize and
respond appropriately to precon eptions and misconceptions.

The qualitative-KR scheine we present here comes from the case based tutoring
\CBT) paradigm which we are developing. CBT is an exampie based Socratic tutoring style
that emphasizes qualitative and  snalogical reasoning and appears effective for tutoring
subjects where student’s precorceptiors play a large role. A £ist- order case based tutor
will run without language recoguition, language generation, sophisticated discourse
knowledge, example generation, sophisticated student modeling, or sn expert problam soiver.
Therefore much of the informaion in the qualitative-KR is in the form of canned text and
prodefined pointers. More advanced systems need to bave domain inferencing and
commupication knowledge which will enable the tutor to do some of these things

intelligratly.

CBT focuses on the use of examplo situations in tutoring. The types of objects in
the qualitative-KR svstem a~ SituationsSir-rels  (situation relationships), Comceprs, and
Misconceptions.  Situations o~ . . descriptions of the example situstions, questions and
answers about these situations, and information «t-wut the situations relevant to using them
in tutoring, such as prerequisite concepts, key assumptions, and level »f cifficulty.

The Sit-rels descrite how the situatior in the qualitstiveXR ure related
pedagogicaly. Examples are extreme ca . sdmple case, analogous cas.. The Sii-rels are used
by (yet to be specified) tutoring rules in deciding what situation to present next.

Concepts and Misconceptions are objects that form part of the studeat model. A
student’s answer to a question may increase the evidence that a student bas or does not
bave a certain coacept or misconception. Concepts and Misconceptions merely refer to
bypothetical constructs in the minds of studeats or experts, they do not explicitly describe
these constructs. It may also be possible to have objects called Concept-rel: which relate
concepts and misconceptions according to relationships such as prerequisite, generalization,
specialization, over-generalization, etc. [Goldsteln 1982]. It is not clear how this type of
knowledge should be used though.

Pedagogic knowledge =: the curriculum level could be included to structure the
preseatation of materiai. The tutor could follow this curriculum, deviating from it when
remedial or explanatory action is needed (which should be quite often), or whea the
studeat inierrupts the tutor with, for example, a request for a new example. The following

object types are possibilities:

Topics - Define the local goals of the tutor by organizing the concepts to be addressed
with key example situations. Topics also bave information about prerequisite concepts and
topics, pre-tests, summary and overviews, and post-testing.

o 12

MC Curricula - A partially ordered sct of topics.

S
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(sitvation-1 vertical-stone-throw
(key-concepts ((Mm 1-dim-projectile-motion))
(des:ription “s person throws a stone straight up in the air, and it cventually lands next to them”)

(detailed-description “a stone is thrown almost straight up. It rcaches its peak
and then comes back down landing next to the thrower. We asume there is
no effect from air friction.”)

(assumptions (“no air friction”))

(question-1 “what arc the forces on the stonc when it is half way up?”

(cxplanation “The downward force of gravity is the oaly force on the stone while it is airborne. )
(hint-1 “remember that & force is any kind of a push or a pull”)

(correct-answer #1)
(answens
(al “there is only the ccanstant force of gravity acting down*
(miscon nil) (concept 3))
(a2 “there is only the downward force of gravity which is slways increasing”
(miscon 16) (concept 3))
(a3 “there is the downward forcc of gravity and the upwar! force of the throw
which is constant”
(miscon 1) (concept nil))
(a4 “there is the downward force of gravity and the upward force of the throw
which is decreasing.”
(miscon (1 2)) (concept nil)))
(mis:-onception-1 “objects carry an impetus force™)

(mis:-onception-2 “impetus force dies out with time™)
(con:ept-3 “objects doa’t carry an impetus force™)
(sit-1¢l-1

(simple case (vertical-stonc-throw stone-drop))
(expl “only gravity is acting in both cascs™)

(sit-rel-2
(extreme-case (verticai-stone-throw throw-to-moon)) Coe
(cxpl “if therc were no other forces on the stone, it would always come
back because there is always some force of gravity on it. However,
other forces, like the moon’s gravity, could change its trajectory )]
(sit-rel-3
(comparison (vertical-stonc-throw rocket-ship-liftoff))
(cxpl “a rocket ship lifioff is different because the engines
provide a coustant force on the rocket™) )

Figure 5;: Example Qualitative Knowleage for the Stone Threw Situation.

13
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42 KR for a Quantitative Phveics Tutor

Our goal is to design a quantitative KR structure that will be general and powerful
moughtomppon(orupgrudewith)tbeinfemeamadebymaslndumpmblun
tolvers {(within tutors) for many domains. The structure we suggest may be an over-kill for
any particuiar tutoring domain and it remains to be seen if the axtra effort is worth
effort of trying to achieve uniformity acros many tutors.

mequmﬁuﬁvo-xknynemwcmhhw!onudngnmukenhwwith
nominal functionality including inheritance, defaults, and attached procedures. In addition,
wekeepwithinthespiﬁ:ofl(bONE[Bnchm&Sdmolul%]bowledgc
repmeumionfumework.anddeﬁnensynemthullmluthemo(podbleldmomhlpnor
slot mmuforobjacu.Doingtopmvldummpnddonlnnpmndonmdinm
the power of the inference rules and opesators which act on the knowledge. According to
this model, we limit the slot names of objects to things like is-a, subparts, properties
(1-plece predicates), relationships (n- place predicates), and examples.

For example, in the non-ideal case, if we want to represent that a table is blue, we
could have a slot for Color and fill it with “blue® for this particular table. A more
desirable representation would be to have an object called Color which is of type
Object-property, and have an instantiation of Color, called Color-15, which represents the
propurty of baving a blue color. We then have a slot in the table object for
object-properties. One of the items in this slot would be Color-1S. This extra level of
refinement enables us to reason about colorness in general through *he Color object, and to
reason about blueness in general through the Color-15 object. Other physical objects that
bave a blue color would have this same object, Color-15, in their object-properties slot.

42.1 Representing Facts

Our ideas for a quantitative KR structure for a physics tutor were inspired in pert
by the works of Forbus [1982], deKleer & Brown (1980], and Novsk {1977). We represent
scparately noun-like objects, such as physical objects and stater, from relationship and
property objects, so that 80 expert system can reason about properties and relationships.
Figure 6 define classes of objects for our proposed quantitative knowledge base and Figure
7 provides example frames from the stone throw problem.

422 Representing Skills

The tutor needs procedural knowledge (skill knowledge) about how to solve problems
in the domain. This knowledge can range from simple reasoning about specific domain
algorithms or equation solving, to more complex heuristic problem solying knowledge or
spatial/geometric reasoning, to very complex reasoning about “.ommon sense” knowledge.
Common sense knowledge, such as “if A is on top of B then A touches B® and “f A is
mdthenAmnotbebluc.‘blngenenl,dltﬂwlttomoddwhheomplm However,
some commoan sense knowledge can be easily incorporated into frame representations. For
cxample.lllbuebammklndso(bnlh(inheﬂm),lllbllhmmnd(dotnlw),am
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Physobis (physical objects) represent the physical objects in the problem such as
cars, people, balls, planets.

Cancbis (canonical objects) represcnt abstractions of physical objects that have
significance in physics problem solving. All Phys-objs are of some type of Can-obj
Examples of can-objs are: cart, ball, inclined plane, pivot-point, point-mass, wall. For
example, cars, trains, wagons, etc. are all treated the same for the purpose of
physics problem solving, 0 they are all or the same tpe, ie. “cart.”

Obiprops (object properties) represent physical and canonical objects defined
according to their promestics by pointing to objprops. The objprops themselves arc
separate objects which contzin information about things which must be truc of any
object having that property. Can-objs have physics-relevant propertics such as weight,
length, surface-smoothness. Phys-obj have non-relevant properties such as color, acd

owner.

Obirels (object relationships) reproseat  specific relationships between objects.
Examples sre on-top-of, touches, distance-between, attached-to.

Formula-rels (formula relationships) represeat relationships between parameters of
objects. Ao example is “Newton's-second-law,” F=ma. One could specify that the
Newtons-second-law relationship holds between force-on(ball), mass-of(ball), and
acceleration-of(ball). Here the force, mass, and acceleration are Obj- props of the
Can-obj ball.

P/Ss (piocesw/states) represent physical processes or states such as rolling, sliding,
evaporation, oscillation, collision, and electric current. P/S’s have slots for “actors”
which are filled by Physobs. P/S’s specify quasi-stable relationships between objects
by indicating what Objrels hold between the objects in that P/S, and what
Formula-rels hold for the parameters of the objects. The P/S can also specify
functior), causal, and temporal relationships between objects. The crane-boom is &
P/S since it has a given set of relationships between a given set of objects (cven
though the parameters can change their values)

Situations are physical situations composed of one or a number of P/S’s which share
common actors and have an overall temporal or causal connection. Situations are
included in our scheme so that we can represent eatire stories or a sequence of
P/S’s. For example, a block slides down an inclined plape, falls, and lands oo a
sponge. The sliding, falling, and collision are scparate P/S’s.  Heating, evaporation,
convection, cooling, and thea preciqation of water is another example of a
Situation o:mprised of several P/S's. The individual P/S’s share some of their
objects (accors) in these Situations. For most of the examples we are concerned with,
the Situation consists of only one P/S, so for most of this paper the words
Situation and P/S can be used interchangeably, ie. a reference to the crane-boom
situation is equivalent (unless otherwise noted) to the crane boom P/S.

Figure 6: Represeating Facts in a Quantitative Knewiedge base.
15



(pbys-obj-stone-1
(canonical-type point-mass)
(propertics

(masms

(value 50) (units kg))
(material rock)

(color gray)))

(phys-obj-person-1
(canonical-type cannon)
(propertics

(name “a person”) (angle 90)
(bumanp t)))

(can-obj-point-mas
: , .
(mass nil))) ; nil for unknown

(can-objcannon
(propertics
(angle nil) (max-force nil)))

(formula-distance

(parameters (x a t vo x0))
(relationship “x = S °a °t%t + vo * t + x0O")

(forriula-velocity
(parameters (v a t vo))
(relationship “v = a * t + vo))

(formuls-newtons-3ed
(parameters ({ m a))
(relationship “f = m * a7))

(formula-gravity
(parameters (m1l m2 g ¢ )
(relationship € = g * ml1 * m2 / %))

(p/s-vertical-projectile

(name nil)

(sctors (cannon point-mass))

(parameters
(height nil) (vel nil) (init-vel nil)
(mass get-prop point-mass mass) (cannon-angle get-prop caanon angle)
(cannon-height nil) (a (value -5) (units m-persec-squ))
(final-vel nil) (apogee-height ail))

(relationships
(formuls-distance (height a t init-vel cannon-height)
formula-velocity (vel a ¢ init-vel)
(sctq apogee-height ((-vo*vo/(2°s) + x0 ))))

Figure 7: Example Quantitative Knowledge Representation for tne Stone Threw Situation.
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usually have four wheels (defaults), and the center of a board is half its leagth from one
end (attached procedures).

Anidalcompummtorneedspmcedummdlmnﬂathnmbleit(omnke
soptisticated inferences in order to 1) understand, 2) solve, and 3) teach domain knowledge
und domain problems. As meationed above, we are not concerned with tutoring rules (item
3)hm(exeeptwnowthnpedngogicknowledgeaboutthcapmkmledgewill:dnin
uuden!moddln;mdwinhclpdymmiaﬂydemminethclodmdguhofthemtoﬁng
wdon).Wc\villalnmmcthuthcmtorundaundsthcmnln;o(mcpmumthtt
itgmtuais;iven(iwm2;iz.itdoanoth|vctointaputlhemanin;o(m
a.vbimrydominpmblem;ivenmitbytheum).Sowewﬂiﬂmhwdlmdonof
moblamndvln;knowledgctothaoskﬂhuededtooolvedtheptoﬂmmitis
understood.

Swaalmamhmhnvelookedatthepmeedunlmmottkﬂbumwdin
tutors [Burton 1982, Goldstein 1982, and Anderson 1985}. In such systems, student behavior
isumnﬂymoddeduiﬂhennﬂa(pmducﬁom).mdthcdudmt‘nkﬂlkmledgeh
intupraeduamo(nnathuoveﬂapthoapenmla.mmm“c
inwuednwneaapennna.mdothmumm The wrong ruies be
devhdmdapeunﬂammmmnna.mmwtfdbmthcuuw‘sbehvior.
inw:pmin;ltinmmofmogniublcmeand‘tum”mb.md takes
appropriate action. As Anderson points out, problem solving activi is iven. The
pmducdminhismtotin;tynmreﬂeathhbylndluﬁn; goals are brokea into
subgoals as the problem’s “solution space” is searched. He siremes the importance of
communiudn;ﬂ‘.spalmaurco(thepmblemsolvln'tothomldent.(SeaahoHeﬂa&
Reif 1984 on goal structured physics tutoring).

4

Asnnenmple.thegoalolwlvingamneboommobiemcouldbebmmupinto
these subgoals (or sub-procedures, or sub-skills):
1. Recognize the important cbjects and their parts (booms, cables, etc.).

2. Recognize the rclevant physical relationships between objects (connections,
supports, €tc.).

3. Recognize and label the important parameters of the problem (forces, lengths,
etc.).

4. Decide on a strategy. For example use the fact that the sum of the forces and
torquaonadaob'pcthzcmlnamﬁcdmdon.

S. Recall the relevant formulas.
6. Instantiate the formulas for this problem.

7. Solve the equations.

17
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8. Interpret the answer in terms of the original problem situation.

These subgoals would in turn be broken up into sequences (or hicrarchies) of goals or
specific actions. ‘There are many design issues about how to incorporate production rules
for problem solving in tutoring systems, including making a choice of grain size for the
rules, deciding on conflict resolutions strategics, and recognizing student pians and goals.

The quantitative KR for an expert tutor may need procedural expertise in
measurement  (measurement  errof, units  conversion, rate of change, etc),
geometry/trigonometry (spatial reasoning), temporal reasoning, and causal reseoming. More
sophisticated systems may need to reason about hypothetical situations, possibility, and the
probability, consistency, relevanc:, and rodundancy of information.

423 Representing Pedagogic Knowledge in a Quantitative Tutor

The KR for design of a quantitative tutor contains only pedagogic information, such
as concepts and examples. There are some types of pedagogic information which apply only
to the qualitative tutor. For example, we may want to store pedagogic information about
the importance and salience of object’s properties. The non-relevant (to physics) Objprops
mentioned above are pedagogic knowledge. The rules or procedures that comprise skill or
beuristic knowledge should be annotated according to difficulty level and should be
annotated so that they can “ecplain themselves” (as in the Guidon tutor for the Mycin

expert system).

Our suggestions have emphasized the use of expert knowledge for quantitative tutors
and pedagogic knowledge for qualitative tutors because this divisien corresponds to two
realizable types of tutors. As meationed above, tutors of cither type could incorporate both
expert and pedagogic knowledge, and ideal tutoring systems chould reasoa both qualitatively
aud quantitatively.

S. Condusion

We have designed a knowledge representation that allows a variety of researchers to
teasc apart knowledge neceded to teach a science domain. We have designed a structure and
vocabulary to facilitate teachers and knowledge engineers in designing data bases for tutors.
Though we still need to test the efficacy of our design, the intent was to amke the design
1) general enough to be used for multiple science domains and several target behaviors and
2) powerful enough to support (or upgrade to) sophisticated inferencing in expert problem
solving and student diagnosis. o .

We introduced two independent categorizations of knowledge: facts, skills, and
concepts, and expert/pedagogic knowledge. These orthogonal categories have been useful for
discussing the function of pieces of knowledge, the form in which such knowledge will be

o ‘mplemented in an Al system, and the target behaviors desired in the students.
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Wchavednmadeadiﬂincﬁmbuwmquaﬁuﬂvcandqmduﬁvcthmkinsin
pbyda.mdpmpowdkahemufaboth.Mdemwnapwhwtwodehhlble
(though ot exclusive) pedagogic styles and highlights the usefulness of the terminology and
Wuﬁmﬂmmeedeoﬁu.AmomgdeRnhemew«ﬂdhea
straightforwerd combination of the features of the qualitative and quantitative schemes.

Anin:enisentmtormunhmdlchmmwntsofdomdnhdmﬁonillthmch
in a robust and powerful maaner. 'I‘hesyuemmuubemnmblebymoﬁn;mlamd
bemodiﬁablebywhenordomainapau.Weannotapaammmm
naleuptotheidealmbuuwithwtconddaabbmmh.mnpaﬁmaﬁmupat
such research and we look forward to its evolution as we attempt to utilize it for building

tutors in many domains.
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